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INTRODUCTIOE

The sin of this investigation_ cond_cted at the Lewis Research

Center_ was to 6air _ general knowledge of the mechs_ism c,_]%he CCm]m_k'-

Zion of metallic additives in the presence <_',fsolid-propell_nt ]R_rr_Jr C.

There is a_ lack of knowledge concerning the fundsme_tsl prcc£ssos b',-

volved_ and s need exists ±'or investi6ating the various p}Tfsiesl and

chemic,'_l properties of the ed.ditive in the thin %ound:<<ry (-:I00 mtcr,o_s)

'Jh, ove the decomposing surface. Observation of ph,<:.nome<,'._ OC_lJt't_[r:£_

dnri_ 6 ccmbustion_ for ex.smplo, additive n.gglomers+,ic, n r_,d s_lri%:_,-'-

l!_.q_e_ combustion <,_'L the _iditive_ adds to t.l_e ktlowle,ls:< nece:=s'£'y ......f',--

u_<.dorst@nd!.'_!_ ihe r<,le of r<ddit.ives.

The effect of a propellant composition variation on some basic c<,m-

hustler processes is described herein. Specifieally_ the investig_<ti,k_L

w_s concerned with the effect of oxidizer-particle size on additive s_g-

glomc_ration and with the region wherein the combustion of the a_ditiyc

( ;,C C ] i_'(' S.

The knowledge gained concerning additive burning will also b< use-

ful in ur_derstanding how metallic particles suppress <',rassist in sup-

pressing combustic,_ instability. The particle size of the additive in

the _arrow z'egicn shove the buz'nin S s_,_rface appears %o be a critical

nr,_s_t_r affect'kn¢ _ oscillatory combustion (ref. l.).

A motion-picture fJh_t supplement has bee_ prepared and is u,vailable

on loan. A request card and a description <:,fthe fi/mt ere gfven st the

1oacl< of the report.

T] IEORY

On -,l_e be.sis of combustion experiments using polysulride Lurm_c,ni_n

perchlor_.te propello.nts of n::limodal p&rticle size_ il is reported in

reference Z t,hst cemb_stion ,occ_rs in one of severs,l m_<,des. The _uth<,rs

of reference < hypothesized th%t !ncreasi_:g the oxidLzer p_:rtJcle size,

within certain pressure iLmi-ts_ changed the mode c:f cc)mb_sti,:_n from a

premixed 6asee_,<s _laurze t<::s_ diffusion-type flame. This concept is em-

pl<:yed IR tI_e present ir_vestiiiT_tien_ since it is o,ss_m_:d tL_:<% the bur_ing

cf t}ze ._dditives is een1:rolle_] by the dJff_sion of oxygen vapors to t]_e

'_dditlve site.

Iki s.dditi,en_ it h::_'_:been observed (ref. i) theft it Js more diffLc::it

L:,osuppress combusoic:n [_<_s:t,rd_iiitv by the <_ddition ,:,radditives to

='-_ £o fine-oxi_dizer propellants. Thiscoo.rse-oxi<JJzer prc,pcll:_ll;s <,_b'.zl

suggests %}]at t}'_e {:xidis<'r part'_cle size may pls.'_ .'_ sJgnifLc nt role in
• q.

affectinc,_ the propertLo_, of +_,_,....additzves duri__r_ c()mbustio__k. Zh_ p_._eseno

_,l_e,_t,l_....ion, /heref,<:r<_ "s concern_"-d with %h_ effect <_,foxidizer-

crvst_l, s i<'_,=,,, c)m a<ld_ tJ ¢<_ ,' _,-_,_,._om,0z <:_-],<,no r<_),<_b<;r,uini -_.



NATi0NfL J°:SROI,{LJJTICS A_D SPACE ADMIF, IS_fRA_IION

'i_CH_,]ICAiLNOTE D- b_SS:

EFFECT OF OXIDIZER Pf@T!CLE SIZE ON

i:DDiTIVE AGGLOHERATI 0N

By Lo_is A. Povinelli

The effect of oxidizer particle size on additive agglomeration was

investi_ated. Ssmplos composed of &mmo_ium perchlorate, po!ybutadiene

acrylic scid_ and al_mimJm were b_rned st atmospheric conditions. Ag-

61olmeration occurred when the majority of the bimodal mixture of oxidizer

crystals w_'_,srelatively coarse. The same propellant with predominantly

fine oxidizer crystals showed r:o evidence of agglomeration. Particle-

size distributions of the cendensed-phase combustion products were ob-

tained. The size distributions for both propellants were identical with

the original additive distribution up to a particle size of approximately

S.S microns. The agglomeration or gro_,_2_ el' additive particles caused an

apparent break in the combustion-product distribut'on of the coarse-

oxidizer propellant; particles having diameters m_ch lar_ier than the

ori_Tinal additive size were obtained. The <ombustion-product size dis-

tribution of the fine-oxidizer propellant did not vary from the initial

additive distribution. This behavior was in agreement with the quantita-

tive model pr{_sented for the additive growth process that predicts a

step cho ng_e i_ the agglomeration phenomenon.

The radiation characteristics of aluminized and nonaluminized pro-

pellants were obtained in <_mission by use of ,_ grating spectrograph.

The principal emitters were identified and interpreted relative to the

agglomeration process. _e strong contimmm, present with the coarse-

oxidizer propellant, was attributed to the presence of incandescent me-

tallic particles on the burning s_urface_ whereas_ with the fine-oxidizer

propellant_ the decreased intensity of the continuum indicated that large

metallic p_rticles wer_ ,._otpresent. The bl_'ninrs of the additives with

the latter propellant oec_rr{_d throughout the flame zone_ but_ witb the

coarse propellant, the additive blrning was localized to the propellant

s_'f ac e.



followed Fick's eq_mtion:

Gc _of dc

where dc/dx is the concentration gradient on the propellant surface

between tile oxidizer and sdditive regions. As an approximation, dc/dx

is replaced by Ac/L%x_ which is defined %y

Ac Co - CI Co

where CI is considered negligible_ since the postulated mechanism 2s

diffusion (mixing) controlled. The rate of diffusion of' oxidizer vapors

is give% therefore_ by

Co

G° -- _'°P T (c,)

The rate may be expressed as

dt .4

where (dM/dt) is a rate of mass removal or oxygen diffusion to an addi-

tive site. The reaction rate R a of the additive is written_ therefore_
from equation (7) as

Ha i

Ra - TB Sa (8)

where TB is the time required to burn the additive. Since the reaction

is assumed to be diffusion limited_ the rate of chemical reaction of the

additive is determined by the rate of oxygen diffusion. Employing equa-

tions (6) and (8) results in the following:

Ha i Co

sa % - _of T (9)

P _ra (:ko)
_B = S ._ of Co



J

Hodel for Agglomeration

C _£_,,r t i:,_, propellat_t to be composed of a .matrix of uniformly

spliced particles "as sho_ in f'ig'_e 1. It, will be assumed that tile ag-

_lcmer_ tion phenomenon is caused by %he collision of additive pr_rticles

?u the dry_ burr'_ins propellent surf@,ce. It is postuls,ted that the osr-

t[c]_u.s require e finite period of time %o bt_rn, which is bssed on s

"iliixillg limited" h[fpothesis; furthermore, the particles have a given

residence or sis0 _ time on the surface and require _ finite tirae %o sg-

glomerste. I C tLc,' time %o burn the larger additive is less than the 06 -

61eructation %iln_,, %he moAten i,!etal burns to its oxide. Since t]ir melting

bemperaour_ of the metallic :oxides generally exceeds propellant flame

temperatures_ sF:gloI._leration will not occur. If_ however, the b<,:s'ning

time exceeds the,, '_g_lomeraticrl timcj the molten additive has _n opportu-

nity t<. s_glo_w.rose before it brains and forms an oxide shell.

B_rnh_{_ Time

Ceus[der tile mstrix of 7n_[fc,rmlj spaced oxidizer par%[ekes sho_,n_ in

fiNu±'<_ i. I_' <, remresents t:__'"fraction;_l voltane occupied by the ox'-

d [zer_

S

: 7 %do (1)

(S_nbols _re defined in the appendix.) The interparticle spacing _ is

_<iven by the expression

{£]1 Is

The combinaLion <_F these expressio_s yields

S;LtK_' tip loading factor "< is constant for any given composite mixture_

[._K' ', ps_<'i_RS b_tw_en the oxidizer crystals will increase with increasing

p'_ri icl_. si_R _ wKt}_hl practical liimits. On @ micz'oscopic level_ the mix-

t_r,_ t_'Rds to be less ]iomogeneous _,N_th larger particles. Since the com-

].U _k.it,n _ec_h'iN[sl!_.presumably involves the di_'ih_sion c,f oxidizer vapors

.',:cr:_;stlL_ prop_ Ib_nt s___'face_ e local deficie_cy of these vapors is ex-

pected _t s<m<. <02 tip binder s_nd additive regions of coarse-oxidizer

pr<,p<_ll.'Jnts. It w:_._ ' .sst<r_ed that the diffusion of oxidizer vapors



For ,R propcllu.r!t of _;iYelL ox_,dizer and 2"_el t_-pe_ c}lanses in %f_ C O ,

,<._;i i:' wltl_ wLr:'s.LLO_I in oxi_£!zcr-erystal size _re eoi_sidered neglisi-

T]_<: t im;u required to %i_rn an r,dd.iL,ive particle is proportional to b]Je

dist@__K_(} of <:}o_es_ ,L_ppr,_o%ch c,:/the oxidizer crystals rL'_d tL<" _d.di-biv-e

L_ad Llls.

Residence Time

I% is :issL_sn¢d that tb'-_ s_ddi%ive hg.s a size distrii,/_ic_! _r:d_ there-

roro_ t,Ii_.t th£- p,articles will }_v£, differ<,nt reel(lent<> %imp,: on t}_< pro-

p_]lr_<, surface. Tills tJk_le ':R .is dci':_, u( :,d L<r_ _}:e tim<, frox: '.,ii<_i '-xL

&idditive particle -_s fLrst exposed on ti_< s_'rac< ll:iti]. %l!,:bb ps.rt,i,<t!<,

j_ls_ ],::_-¢,_s %]_e s__rf'e.ce. It :_s :_ssu_m:<] that the propcll_a_kt s_,:r:['sc< _ i_<

iry_ th£t is_ %he_t it vcporiscs without passin d through t}ke liqRid p]_Ls<,

<._sin the to,so c:f doS:,le-buse prop<_llsnts. The porticle, tI_en_ leo.ves

the s<:_rf_<ce w]Len the %i.t_der hs, s re_resso(i %eyond the o,ddit'>¢o_ 1}mr, is_

%711011

t:Z
i

• -b< " ' ] (_ n .' . -, .i zs t_:: regression rate of the propellant &nd .y zs :..... =:_£-.,_

Since y corresponds to the dis_ueter of an additive particle

- .
N1

_]]," r(:D[ [i<[]ce tALFY_ , ! ]'_ '0 ..... _........l<_...._ incre}_:<=s w[<,-n psmticle disz__<ter_ whereas

hi::Ler burning _,"8%es of t]le propellant prodR_ce the opposite effee%.

The residence time could also be in/'ln,:,nced by the su£'fatcc t<:ns'.on

between the binder and the r:dditive u._d tide drs.g forces on the particle

2'r_m_l the ;Sas stres_ s rot<rid it. If the @,ss_mption of s dry sL_rface is

[nvalid_ <he h,uoys.ney of' the ad.ditive o.nd its ejection cl-_e.raeterJstics

would ho_ve to be considered.

Agglomers.tion Time

In order %o a!:'rive 0% an expression for the _gclomer@bion time_ %n

ano.lo_s} _ to the collision processes of molecules is employed. When it is

sssumed %hab bhe sm%ll (diaiReter) additive ps,rticles are subjected to



L=_<I<_,mo_on and may collide witi:i the larger particl£s_ t:Ic <'o!!isio_1
distance _ is

)2]-I= _rLis_(rl__.. + i' 2 _.7::)
£

w]iere r 2 is the radius of the large stationsry particles. If t}_e

transw, rse velo._,ity v on the propellant surf at.: _s considered to be-

proportional to the surface regression rate and t h_ proportionality coi_-

st,ant is equal to the degree of' turbulence,

_le agglomeration time _A may be written

lJ_ =-- :V a_'Krh(r i + r2 <14)

_er_ the radius of the particles in motion is neclec<ed ,

4

_Knad_ i

Tl_e agglomeration time is inversely proportional to the rRunber of' parti-

cles per unit volume_ the velocity of _he particles, and the cross-

sectional area of the particles.

The collision distance would also be influenced by the spacing of

the oxidizer crystal {, since the additive can only be located betwee_

the crystals. Similarly, the transverse velocity could be influenced %'y

the oxidizer spacing because of the mixing of the oxidizer and binder

vapors. Since the pyrolys_s rates of oxidizer and binder are dirreret_u_

the gas-stremn velocity difference will induce shear forces with subse-

que_it mixing. Some bu%bling action of the binder m:!ght contribute to

<_ross flow on the surface.

Agglomeration Criteria

In order for agglomeration to occur, the residence time of the addi-

tive particles on the s_m_face must exceed the time required for agglomer-

ation; that is_ the ratio of equation (ii) to (Io) must exceed unity:

-->i

_A



_ie!:

_R
--• 1 (1,')

_6,<_.lo_nerr£t.ion will i%of occur. Subs%itutic.n of c%b:J_tic:,ns (Ii) 'gnd (Ii.:)

O. ,_!:5 _-_K,-_'_ > 1 (l___)

_,_U_,_:2:_ut:;:h will occur, t]K_roi'ore_ o_:l.y w_uN'_ %he concentr<Mion @nd <he

particle size yield val.<es " ...... _ ._<_ed.u._r that- unity in aocc, rd:.<ns<- _a-i%h C[',']l.i,<]-

Lion (L=_).

The foregoing ratio c,f th< rcs.-de_icu _ nd sg_iomer%tien _i:ne_ he,roT-

ever, does not take i_rtO s<eck>uk% %he comb_stion of the .xdditive, w]N cl

.is a simultaneous c)cc<N:'r<q_ce. Therefore, LL is necessary to co;isidert

i_. addition_ th,_-_rat:'o e.f the _gglomeraticn time to the tim_,_. rcquirtreJ %0

%ur_ the s.dSitive _ (eq. (lO)). If thL _ odd-tire b<;s'nir: S time is lest,

t.L:8:L%h.t' ti:_le reqi_im'ec_ for e_g_lomeration_ ther_ the m,olte:t meisl _,rill

burtL _L:d ibm_k_,its oxide. Since tile melting point of the m<tsliic oxides

C<n_L"o.l[ly exceeds propelle_nt-flsme tempez'at_sz'es, agglomer<_tic:n c:<nno%

,.,<'c:_r. I_'; l>-:,_,.:ev,._r_ the burnin 6 time exceeds %_10 agslomers, tio_% %ime,

t.h_::__ -thc_ :_u-.lk._ n s.dditive has an opportunity %o &_gglomera%e before it.

%,_<±'rls_nd forms @,r_o_,:ido s}pll cn the agglomerated particle. The crite-

:'ion for agglomeration eoksists_ tl_er<fer<-_ of the _3dditLonal i_keq_>d.iLy:

[ n

--< i

If <_.quations (10) and (1S) are substituted iuto eq_'-<tion (1_),

-<

.<Knaa_[ip

24 ._o fCo
>1 _0)

Equs.tioh (ZO) "ndicates the parametric', groupi_g that must have a value

6re_ter than unity in order for a6_iomeration to occu£'. For a given

S
propellant, the variation in equation (20) is cow,fined to Knada{i@,

th,Jt is, the size distribution and the conce_-trs.tiom of the olditive

__r:d oxidizer. Fixing the additive size, concentration, and type limits

the variability to oxidizer spacing_ propellant burning rate_ and the

co_ f'£icient for the cross flow K. Since i>creasing oxidizer size for

_, fixed lo'_lin6 :4, increases _ and decreases _!, the net change in



_C[i<,t-i[ (_0) wi.i'_' be' X,J:':_!A _-,'}C!:L <nly tile c,xid£zk_r-crys_,al size is

i:r,:<l_., ,<1 t!s :!. 7;._ri'J.,12.

AI)B/d%?!%_S _A!'_D PROCEDURE

Pre!'. ll;_t s_s,'!pl{_s m.'-:J,. ,,.q" <<'NS1oxiu]_I perciikor_iie t_xd polybuta,.K<ne

acrxi[c Rci:i w__,_c' _tsed im th, i_vestige, tion report,:d ]iOl'Cf."_:=.T}i< comp,_-

s_]._[<;_)::_s_d _mo !isLe"1 i_: U:ble I. The oxi(%izer was m ].:l<N),i::::rrJ]io

crp/S[:o.l:-, ri_]L<-psrtT_clc,-s:_ze distributio__}s o2 the ;01_:ninum cdditiv_: _L]

,:Xid[:<_>_, aS obtained wit,h ', mieromerograph_ _}_x'<_given in i'ig:ures [:

S_.t'l'8ce 0bsez",<_tions s.nd Ssmplc Cc!lection

hi,1;X-speed movies (,1000 f'rslnes/sec) of %!:_ b_;rning surface were

,_,. ,.._..... _i,-, whet]_er s.gglomeration of the ai_in_u cccbamed; the

pr,::p,!ib<_t s-=mpies were approximat<_l.y . 1/_ by S/_ by S/!6 inc!:. A_

,o[,,]e !b-i,o-!]ns<_e _'a%io cf _nity ',,'as used for the photogrc_phs_ which T,<ire

i:r=kex Lt: '_!_s_:le of apprcxima%e!y S0 ° to the sly'farce. The sc!id com-

:!.L_ _ pro<i ,cts wore ,:'el!acted on ft_rex slides lo(:'._:ted i/4-inch _%hlC,_'_

t < ]I_ '_!_! s u'i'uce. T}.e slides _,,_,ere ._xpos<d for _pproxi:n._%e!y 1/',::0

s:,c !,(! [2,' _;1' ,_Y _ m_:i'_',mtly operated, £S:[di_16, s!ott_d plate. T_i ,_, apps-

r tbUL_ iS SI_C_<_ i_i f'igurc 4. No inhibi_or w_._s used cn %]!e prop_lla__%.

Tii,i'sc ,._xp_-rixk_Ls were performed [_ the open air r=t /0°={ ° F. A delay

i__m '_ : t' 1 seco_}d was used before collecting the as@plea i.,! ordtr to er__-

s::i'- u,:Til lie p£oces of the i[_:liJ_iL.'iL wir</ r©r]Y£[n_sd -ll t3}_e b_tr.'li-i_ r<:g'_-oil.

S:i_:_:'dLkt:'ibutio_'_s of' the particle,s col]:,_ ....u ,,N__},:_ slides were:

,;',l:,t_;_!_,:i %"o...._isno] eo_a_tiug bksin_ P_igh <:,ptiea! masnificn_t:[o_. C,:_bj

_,..,,:......,:_ p<_rtJ,cles th:_t wox'_ [dentil_icd _,s ine%s.llic or or :ue%8,11ic {mi{,'i___,

",,,'<_': c: _i"ilcd. T}lis pro<:{:d }l'_, i4,9:3 neeesssr_/ i:,e<t;mus< c,±' the preseikce el"

co,:s .........z_t,_,. As attempt toLU:_IiC'_riiL_L so.lt S, binder cons% : t3 !clrts ; s££d _ ,_' "_"_ " _ <'

__'eme,',,_c ;_!1 k_'._o exir'.s_ec:_ls ps.:rt_cles ey oxidation _t ,:, ._ H proved un-

s .:.<.<_._,_ %1. I:i::_ NiJcroscope s'2Jllples were pi<_d,,__o_,_,_@ 8. _ns.sn:]fJc'tk%ion

:' ; 00 n _:,moi,'i}\!<:,s<h-_p::";:,£_wi.76_,pl,ste 9rid sized wi<,]_ the aid of an X<}

,<,,pJ_-,c<. 'SliL<htiy eYer IZOC, o_:,rtielcs were c<:_s_t_:d _c,r es,e]_ propellant

type. K-r,',.y ,s.xd electron-diffre_etion tech_iques were used to ide_itify

_; :';.:ij<,._: specJ_es present.



Emission Spectra

Spectra of the various propellant compositions, both with and with-

out the aluminum (table I), were obtained in emission with the image

located on the propellant surface as shown in figure S. This arrange-

ment was used in the investigation reported in reference 3. The spectro-

graph used was a l.S-meter Wadsworth grating instrument equipped with a

3S-millimeter film holder and a remotely operated shutter. The IS,O00-

groove-per-inch grating gave readings of 2100 to 7800 A in the first-

order wavelength range, 2100 to 3900 A in the second order, and 2100 to

2600 A in the third order. Reciprocal linear dispersion at the film

holder was 10.9 A per millimeter in the first order, S.45 A per milli-

meter in the second order, and 3.63 A per millimeter in the third order.

A quartz lens was used to focus the radiation from the burning

strands on the entrance slit of the spectrograph. The spectroscopic

films used, Eastman i-0 and I-F, were sensitive in the 2500 to 5000 A

and 2500 to 6900 A regions, respectively. Overlap of the first and

second order of the spectra occurred when the I-F film emulsion was used.

The propellant-sample size, optical path, spectrograph slit, film

exposure, and development times were maintained constant for all tests.

A suitable delay time was used subsequent to ignition in order to elim-

inate contamination. No inhibitor was used on the propellant and, con-

sequently, some side burning occurred. All_ experiments were conducted

at 70°f5 ° F in open air.

RESULTS AND DISCUSSION

Agglomeration Criteria Determination

Using a value of 2.2 microns for the mean radius of the aluminum

particles (fig. 2) and a 9-percent concentration (table I) and substi-

tuting for ua in equation (18) yield

D _ 21.4 microns (K = 0.i0)

This critical value, approximately 20 microns_ is required in order for

agglomeration to occur, that is, in order to satisfy the requirement

that

TR
_> 1 (16)

TA

Since only a small number of particles of this size are present in the

distribution (see fig. 2), it is expected that the agglomerates will



;_!:'_:,_: :qluJli -_I m_rlber. Experimental verifieatiol: of tki_-_ is _iven in

i,, F,<l_,r,<i!_C _,_ection.

Cc_:s!.der now the two a]_u_':linized propella,._ts (table I). Since the

nddit.iw size distribution was constant for both propellapts and %.he

propellant t_pe remained flxed_ eqllation (20) reduces to

@_/__ > 1

Th" diff_sJoJ_ cc.'ff'..cLcnt aL_d %he in[ti_l oxidizer co_ce_tration were

co::::Ldcred "nv'£rie_',% witli chani_c in oxidizer sp_eing. Tire diffus]<:_r_ co-

ciT'ci<ni: w'ts (_etor::t_ ned b_? use of the Chspmr_n-Enskos relation end the

Le_iL'_rd-J>!_'s F_ nction for the potential field (rof. 4) s,nd by ass-@ning

;_ t_l!:p_'r: tur< _ ,rf approxima,tel_ 600 ° K. The res_<ltin_ vsl_R _" is 0.SL co_-

-it: _;..r squ__red per second_ based on a m.clecular weight of' ,% for %]_e

bk_,_td_r vspe, rs, nnd S,8 for the oxidizer. The density or ox_r_j"ell st

lk00 ° K wss used _'or Co_ the oxidizer sp_-'_:Y,6 _ was calculated frot__t c_,q,_s-

t Lo_ (3), @_d the burnir_g r-l%os were calculated or mea_stlred. _of lack

,_i ['<tter inform, sktion_ K was a_ss,uned constant (_0.10), alt]toug]_ L%

p±'c[atlj./ lliel'm'tt-30d sli6!!tly W:'.''.}_ _ir_cz'c@sin6_ oxidizer size. Su%s%_%:;t.qc;n

L_ equst,;,oR (ZO) yields

rcr t.],, 70-perce_t fitm,-oxidLxer propellant, _nd

io_ _ i. 05

Yor t} e "0-perceht co:Lrs<-oxi,dizer propel!:_nt.

Th<se val}es i_dicat:, flat the fine-oxidizer propellant will not

experience ' 7clo-teration_ whereas the coarse-oxidizer pron_ll_no will

_u_d<'rso some additive sro_.qh. The m._bcr of particles that _gglomerate

will be small, ss indicated by the criticu£ agglomeration dismete,r. In

C:i',ii)r J,C, JleSt the aclgle:m<ra%ion cri%eria; S!Jrlt'lq, CC' obb,,:r_a_,_ons wore r;,ade

_:' t_-, b_rt',[nN propol!'_nls _nd com!us%ic::_ pz'od_c%_:: w<:r(_ col]_c, ct, ed.

S_rfsce 0bservaZio._.s and S_IoIo Collectio_

P}R<c[im_p!_ic tbserY_t%ior!s. - High-speed motion pictures of %he

burn!n6 surfr_e_: _ (fi_:. C) rc.ven]_d <_<_6lomera%ic, n of the <;oluminum additive



ii

on the surface of t}_e predominantly coarsL, oxidizer propells,_st (propel-

lant ! i-n table I). The predomin£n%ly fine oxidizer propellant (propel-

lant 2 in table i) sILowed no indicatiork o£ L}iis pkenomenon. Some of tile

al<_nin<m_ particles at the center of the s_mple surface were observed to

move laterally on the st)trace. The sgglo__cra-tion occurred before the

al%_min-_tm particles were carried off by the gas stream. It wns interest-

ing %o observ{_ t]_at the s,dditives served as flew %r_cers on tile s_ri%ce

and tbst their mo%io_ il_dicated that somewhat unsteady coudii tons pre-

,sailed. This motion of %he edditives on the slrcface may have beeh due

to their proximity to a mixing region (c)xidlzor-binder interfac<_) or to

sporadic bubblin 6 and meltiRg of the binder.

The residence times of the larger al,._liKum particles o_ tit< sturfac.e,

discernible in the photographs, were i_ excess of the igni+ion tLmes

reported in reference 5. These !arger particles_ therefore_ had suffi-

cient time to ignite and burn provided that there was sufficient oxidizer

pr e s ent.

Shnilar photog_raphs for the predomir_s,ntly fine oxidizer propellant

revealed only small alTm_inum particles on the surface that were quickly

carried off by the gas stream. No agglomeration was detected. In uddi-

tic_u_ the residence time of the alumim_u particles, as detei_ined from

the high-speed photographs j was apprec':_<bly lower for this fine-oxidLzer

mixtT_m,e.

The phenomenon of st_q'ace agglomeration, which h<_s been noticed by

ir_vestigators_ appears to be applicable to kigher pressu£_e combustion.

In reference _, surface agglomeration is reported to have occurred d<_rin6

the burning of s propellant containing _mmonimn perchlorate, pol_re-

thane, and iS percent alumint_u at a chssoer pressure of 400 pounds per

square inch. Agglomeration or "rolling todether" of molten balls of alu-

minu_n on the surface is described, but oxidizer- and additive-size dis-

tributions are not given. Data that suppori_ the findings reported hez'_r,,

are also reported i_ reference 7.

No apprec;able fra(gnentation of the metallic combustion products,

as reported i_: reference 8_ was observed in or above the combustion zone

d-_;ring the present investigation.

Combustion products. - Photomicrographs of combustion products col-

lected (fig. ") show that the sizes of t]_e additive after combustf_on

were significantly larger for the predominantly coarse oxidizer propel-

lant than for the fir_e-oxidizer mixtume. T}_e largest particle discern-

ible after cor:A,ustion of the fine mixture was approximately equal to t]_e

largest additive particles, whereas for the coarse-oxidizer propellant

the agglomerates w<re significantl)/ larger. In the latter case, the

photomicrographs indicated that only a small percentage of the combl_stion

products were agglomerates or particles of large size. The majority of



t,h_,prc:dL_cf:ssppeared to be q' s size that was co__<oarablewith the ori C-
in:'_l additive size. Someof the larger particles wcr<_hollow spheres;
wP:<'reasot}_ers %_adsolid centers. This observation was in accordance
wit!: the cbs,-'rvat_ons reported in reference _o. I% is postulsted :_nref-
erence _ %h,'-,%the al%tmin_nrnet,__!w%senclosed w-th:i_ a poro_s oxide
coating through which oxygen diffused to burr: the remaining s,lumim_n.
S:_milar ebservs_tions are presented in refere;_ce 10.

X-r0y analysis of the combustioo,products rev,_aled %bepresence of'
i!-type _'_l_u_in_!oxide (A1205) ss tee major product species for ,_,,ot2_
eo'u'se ,qudfine propellar_,ts. The ratios of al%unirmmto at_i_,ins wcr< ]/S
and 1 for ttLc #k_e- and the cc_rse-oxidizer propelisnts_ z'_sp<ctivel,f.

TI:ese d_t:_ sinewed _ha% a large _mount of the alumim_1 additive w__:,s::Lot

bernard in hhc case of the coarse-oxidizer propellant. This result was

in sccord_ncc with the proposed model_ since the large interpart[cle

sprucer C of the coarse-oxidizer mixt:ume yielded a high va.lue of burning

ti:ne FB, as indicated %y eq-;_tio_i (10). Increasing the vsl_L' of TB

l_%Hds t< less complete burnikd of the ;_l_minum additive, since t-_c sddi-

t{v_ _q_ n_]o_ _;'_t _ snd form an oxide shell. The largje smounts of' slu-
....... _ - LbL .........

mimmt present [r_ the combustion products were probably eontair_ed within

poro:_.s oxide coatinss. In the case of the fine-oxidizer prope!lazrt_

wlK_rc the spacing was approximately equal to mean al_m_in_m_-particle size_

mcrc complele burning occurred.

Fig_u'e 8 shows the number size distribution of the combustion par-

ticles for both Sine- and coarse-oxidizer propellants. The size distri-

b_tion :for boi]_ propellants is represen-ted by a single euz've up %o a

dis_ptcr of approximately 8.1 microns. The agglomeration or growtu of

alL__i_um o,dditive particles c_[_sc: an apparent break in the distribution

of t}_e com_L'r,stion products of t}:e coarse propellant_ w%ereas the distri-

bui, ic:_ of the prc,ducts ,)f f,h,:,fjn(-oxidizer propellant does not appear

to chs_C_'. Al_nim_n agglomer::_t.,ion; tl_erefox'e_ app_tars to occ_tr or_ly with

pnrticles !arser t!:an [_.o microns. T]_is rcs_l% is consistent with the

t,},_<rct[cs£ : '.iris/sis in whic}_ %!"(0 _gt,:Romez"s_ion_ essentia, lly a step

]':l_-c%:o:_, occurs o_lb£ with p:%rticles larger than _. critical size of _,0

micr<:ns. T!_is correspondence. ]_ctwcen experime_t and theory lends cre-

dence to the the<retieal model _<sed herein. The nmnber disZri!oution

of tl_e _l::_ninuz_ :_dditive wss de<ermi___cd from the weight d:i_str'd0ution in

fi{:::ro ',< ,'_d [.s nlso s} o_,n_ iP fi[3_ure 6. The crossover of the- fin,< pro-

p,_il<u!t _i_d sl._]i:!:_tllSl disbriiu_tk_ns "s not, co_lsid,<,,'Pd s'_o]-if_-can%. The

fact i:}_at tke co!_R_r,s%Lon producer distributions below 8.11 microns s_re

sdditivc <lis%ribkltio:_ is ikterpreted s s m<anin 6 tl_:_t mos%_ of the alu-

min_m_ i:_ t!:c co:<rse-oxidizer propellant burned as completely as that ir_

the fine-oxidizer mix t<me_ based on percent number.

l._ dr%wi_ng the c<m've, t]',e data outside the limits of i and 99 per-

_ s the ....ccxt w£:'{, disregarded, and those @s_: nearest S0-percent 1 ....... 1 were
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giv{:,r_prererencu; this is in acc,arda?,leewiLL inYok'.,rtatiotLprose;Lied in
reference 11. The d@tapoints w@r_ ;Lot.weiO]l<:ecL_ccor,c!L:k to their
probahili%_,r levels.

Combustion-pz'od_uctsm_lpl<scollected Yr,om propellants 5 a'_d 6_ whic_

did not contain al_mmiitt_n (table I), wet< _,lso _n_-_l_fzed; th< a_!al%rsis re-

yc'_d_<:,al-I2lc pres_nce of ___m:_on:hun oh!oft{h CN]]:C!) a__'_d _r___lon-L_m ] ice.the<ate

(H!I,iiICOLd,). This festal< reafi'iz'zlzod the _/ccoss-ty o:f discr-m:!:£ Li,qS be-

%weer_ additive s_nd propellent products i_., i'Jl_btih6 ]'idl_Se bl.

Radiat_c_ St_ldics

Alum_inizcd i0ropellanb. - [N_e princ_p}<l _'adiatiop- from both tk,<

co%±'se- &_Y£t %%:e t'ine-oxidizor prop<IZ_n%s (1 and 8_ rosp(ci,ively), sho}a_

in fi_'u_re Li_ cons:[_s%s of ON %'s_i!ds oric_n;t2,il:_C a[_ SO_%i A; _! u:b S,3_0 A;

C!',[ at 33D0_ $883, a, nd ,ildl: A; C1£ at S W ,:k A; persistent !i]ies of' alL]][li_Nl/fl

sk, 30_-2_ SOOS_ Sg'_,&, and 59C2:2; Cn s.t 3k,1, _md S2/i A; Na at 3302 A;

and ]!lr_£rOk_S Fe lines as well :_,s lin<s for Hn_ K; Oa_ N±_ a:_d Cr. Tl:c

sp<.,ctr___ of the tears -oxk-d:Lzer propelZs_!S,, l'_,ve:_Zs_ :K_: sldition_ il_<

prese:,ce of e strong ,2or_,tims_rt besimxhk _ %t approxin_'qtet_7 S:<O0 i. _&}en

1-E fihn (not s]_c)_q_) was nsed_ the cop_t'm_tu'm oxte£dcd far _,_.to t,ho vis-

N_le rsnge snd _%lso revealed tko sodium doublet sk, 8990 _._nd b}gs A. The

mu_,mrous Fe lin£s appear %ecttuse this £1em<ul. -_s c,o_K,aLncd within the

Ns_ lines were iden-tified with t}'_e addi%:bse b_y m_kin{i: a sp<ctz'og:_e,pkic

anabjsis of the r:£tmlim_m s_Iditivc. Zt_ addit:iop_ tc the df.f'lher 'zp<• _i_ th£

chzro_cteristics of the conLiinlu_]±_ %he i_J__le-oxidi zeI" p_,"opellr<n% spoc_'::_l

shows e_ 6r'ester tt_ainber of lines %}:rou_hou% _n_: u_ubirc wLLv(lcrlCt}< r_.'L']i-mn.

At s_ wevelemgth of 3S80 A_ the comrs_-o_<gdi_z ' propol]/u_ + sppee_rs to

l_ave s_ broad CN band, whereas tlt_ finc-oxid:L:4er mix\ur<' cxl_il_its th<.

stomic Zincs az'ising from the -;d,_Ltive <,lq:i_tui?,s.

These spectra (fig- 9) wcr< <,bt_:in<_d _:.sR,% t]_u i_!x:.N_ uz'_'nn[_<rpt_b i

of fignre S(b) and are in{i:te_tive of the stro_.irrw!_u dist_z'ii:_it,]o_ or

emii.ters. T!_e spectra show t,}_ct ti_ N}I_ CII_ r-_id AI emissions olq._.j_li::,t(_

at or near the bllr!lin_ prcpulR.sJ_t st,rl'_,c( ; how_,v<r, s,.[._to{ z'_,Ze, tivel_'

lon 6 exposures were requ.it'cLi ,',, I.,O-hl]<!rol] _e( %r". ,_'_"@Ot_ .. __< _<ki.[ ; ,/ SOC)_

it. wss not possible to _e8(;£/lN.._!_i' ',7}il)t,}l!tL' 8,11<.'$6 i:jrl]:,,[,( L'L% 1'_:_]]'%< _K] C:VO

£he n&rrow surfs2e r<6iio:t. A :",O]._tioii [:,1, l,hi_ dii'iLlc,Lk[2,'- ',_,':_z b,r:, ,iSc

op<,ice.1 arz's.n6em.ent 1_ s}:c/,._ it-.i'[-R,re ,9(b). Th<' sp<.ctre oh,[: in_d

(fig. i0) reveal <hot tip CN ',]/i i'._{do; in i'._.c_:_orii/in'-,t< _<: tke pr,o-

pellant surface. Similsr observP,-bio_ls i _{]ic:%;,,<::ff tide% NO_ C,,._ end CH

originate nes, r the 10ropul!:_nt sL_rf'ec_ (P,_£. "S).

The stron S coni:hN, rk::;:rb pre::,.:_! _,,ku[ t:,]_ ,c<,,::,rs<-oxiLdTz_t' propell.}N_t

believed to be cLu/ to t/_c presence o$ hot_ inean,lesccnt, mere_file
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ISib'Jl_L'ximized propc!!.'_::ts. - Spectra of the ncnal-_m[::izod p_',:,pc,1-

!r:_,', .,/: _tztd 4), cbtsin, ,6] ...._m'b!_r Lhe s'_mie <'xp<ri_icz.is! cozidLt:Lons , _< flu.

......± ...................{ _', .of t i c rl_ ,.,i. i":-i pz':::p-'ib_n%s_ :r£'¢,c'_.! I {-- 0lt '-_,<<tdsr" -% ,_<£,_: A

r .: " ,,, KI; at 55,:0 /:, .....,,_ eli! u: 51 ;:', A (faint) _llG ;:::}::'S :L. T_,:: CI] ,_n

_ii , ' , i,SliS _ 2m_:,, '_2' ; d; ]l:_ ::11; ,," ii';'ar +['-_ 1K:_oiD<]]_].tti;k Sl__'J":.c,o, ,!)itd J_] (.

" i:_t-, t's-wJ_< j ,n-._,- t]ppl'ci<]',_b% t3_ 1_/ _G a.q .

T!:: sp_:cir:: of the n<'::mi_r,.:-nized se_mples do _o% reveal the prc scriec

<'.J' t ':"_U'::,'L "_ CC:IL]_ii!R-._]i; _"£i :, ['tRC!% Z-',ppor<s %_u,-e premise %}:at %_:_, Ceult, in<ltSJ]

, • '_,","_,,,. _ ..:_.... .,,'-t.}! ".]1' :rptoqi__ [z,:;_£ pro De!ianL is_ i-: fact_ due to <,:e pres,:_.:c,, _

,-,!' [_ i t:_i u.l path'ties ox -t!io propellant sRrface. In roEere,uce 12_

F'_/ '. S ;L'OIL_ "_ [ Ni tl{: al_JlTli_lL_:l pcrt" _ -...... l c=:s s,re reported %0 h_'¢e CO_i%ilILRINi C'X-

_- ':: ; .... " _'",'.", _ ; - v" sib!,: £u.E %:<%o -the ukt.z',_:¢Aole% rando; AlO t;.%nds; ;I:,,S
:-_i [;* ]_:, s ,::.:' ]Ia _nd F<. Tiu c.ontin\t_m_ _e,s a%%r'2h,v%ed to the ],or :-p_-

<',t _k:4, k',c_ ::i i)'_['_ L<'I<,s' " .

q'}k, L_z't:,::, difYerence in _nt_=_it_ between tt_,:: al_rinLzed r_.z_dnon-

,-_!_ir:i,-i,,_: pEope!!s_:ItS iS sXliribtL%LLble to ti_£' _dd_<,]cn::_l _n<z'CS,_ s:¢,'_il:_b,l<,

• n] ._ "::1,,':1_ ,,i' [ i_i ('(:lfib\tSt, iO!i <:'_ t]Je __!_L tI_iAiLl_Tl.

8I.b'I],.U'StY OF PSSUBTS

Tlh' ,'t'!', :_it o2' oxidizer particle size el< o,ddisJve &gg!O;n<-ra,t20,i W_J,S

[:., _:t'_<:_t,'d. Pz'c,p_k_llanl, ssptplcs composed of az@:_o_uLum perchloz'ato,

p 2£/i,uL:,,d'. :u :crSq Lc sold; _xd thlL _I_U.211n_r,'__addJ.%.'.Lv< were bJ.ll'iiLdo_ S.b-

_:L<:::p_!__'rJc CO!:<iJt:-C,itS. rl']k p_z'cehtm6es by weight oi" tLo cx-dLzer; bindor_

-,ix. :tdditive w,_'['o ,,'S_ 19_ tit_,& ',) percent_ respoctiw;ly. Asglomerai:'on of'

'.!., : ]_:xirR_;t'.?',tditivo On t}:o ]_!_l'ni_l6 propellant Sill'face occtrcrod wlx_q!

,_i:,,,tt ,0 p_t'c,,:_t of the bimodal mixi:a'_ of oxidizer crystals was rela-

[2]/<1._/ £'<_' tu;' ;irx] 121, ri[ri&illi]w[ 30 perc,<mt wa_ Pin(. T]_( mosk-weight



di_c<_c<<rof the c arse ane t_; fine oxidizer crystals was 8g and ii mi-
,treks, r_,spectively. Ssmpl<s Laving the ss_l_e com_oosition but made _p of

70 percent fine _=l_d 30 percent coarse oxidiser crystals showed no evi-

,ieF_ce c.f 86glomers_tion.

Particle-size dis trib_tionc of L]_e c<nd <nsed-phase coml.11_tio_: prod-

_cts were eL'rained for i0oth i]je predo!_Linantl_; coarse s_nd %h< pr<do_!ki-

nk_nt!y rifle oxidizer prcpollar.S.s. The size. dlstrit_uticns for bo%]l pro-

pellsrr_s %zero ick.:tic@l wit!i t]___ c.r!gin%! additb¢< distriir11<iox up to s

size of s.pprcx'ms, t<_,lJ 3.6 microns. The sj_glo_or-st'on caus_,J _:_: app_;_re_%

%re_J.k i_: %he comLustion-product size @istrib_tion of %]_e coc_rsf,-c:<i.dizer

pr,sp_._ll_N_%; some particles t_md diameters ss :S.gh as 100 micro::s. T]_c

<tom]N!stJorl-product sJ z_ distr!buCiorl of' ihe fine-oxidizer propel/_',_.,.l% did

:'_or v@r'y i%'_:m tile i.rN_iial additiY_ <_istribut!_o_i. This !:;_:]_avior w&s in

ql_ari__.-%sti,Je agreei_.ent wi'th the prc, poskd t!_core%ical model, for _.dSch it

,,.,_,s ass .l_'_d %b__t tkR agglo.._ero, tion phenom©uo_ is caused ]y the _ col2_i, si.on

of a,ddi_iv<: pan'if!Glee on the dry, ]ilir]!i!lf] pr_:,pellan% s:._rf'ac,, .

The time required Yet sgglom_rafio£ _._'_ coN_pared with <]_e particle

ros-dcHec i%ii-_lC oR-the s!_ri'aco _I!6 w_th %}ie %i_lO required to b_;rn the sd-

dilive pantie!as. If' %!_-< b_.a_nin6 th_K _ wss loss than Lime _!_gglomeratio_

ti_ne_ _.d_ich in t<trn was less tks_ the residence <ime_ theb t]:<: molten

metal h,_rned to its oxide. Since the me!tiI_ temperatta_e of t]_e metallic

oxides generall'/ exceeds propel!art f!s_e %e._perat<a-'es_ agglomeration

coRld R.o<. occ<a _. If_ however_ the b<a'ning time exc.<_eded the ag_]lomera-

Zion Lime, %!'_en the mo!te_ additive !_'ad a__ c pport_lnity to a_sglomerate

before it burne@_ end a£ oxid_ shrill was formed.

Evaluatio:_ of the ratio of' the resideuce time to the agglomeration

time yielded the critical particle dismeter of approximately 20 microns

"'t _ the propellants used._i_%t was necessary for agglomeration to occ<_' _z

Furthermore, the value of' the a_gglomera%ion time for %he coarse-oxidizer

propellant was less than the b<trnin G time_ w_}_ereas for the fine-oxidizer

prop<'llan%_ the agglomeration t Lme exceeded the burning time. As men-

tioned previo_4sly_ tke experimental results are in agreement with the

theoretical qnantitative res%Llts. The critical pom'ticle dim_leter was

found by experiment to be @.S _,uicrons; the theoretical value is £0 mi-

cro!!s.

The radiatio'_ characteristics of al_m_inized and nonaluminized pro-

pellar_ts were obiuined in emissior_ by use of a grating spectroscope with

a first-order dispersion of 10.9 A per millimeter. The principal emit-

ters were identified ez_d interpreted in tem_s of the agglomeration phe-

nome uon. The strong continuum_ wl_ich was present with the coarse-

oxidizer propellant and which corresponded to the approximate s_.ple

dimension_ w:_s _ss<m_<:.d to be due to the presence of hot_ incandescent,

m< ta!!:c p,:_rtic!qs on the b\_rning sue'face. The decreased it_tensity of

the con%inuRm with the fine-oxidizer mixttme indicate4 that large incan-

d{'sc<u_t m<'t@llic particles were not present on %he burning surface. The



spectra also indicated that the additive burning occurred on the propel-

la_ut surface with the cosi_se-oxidizer mixtu1_e, whereas the burning was

distributed th_.'oughout the fl_ae zone with the fine-oxidizer mixture.

These results ai_e in agreement with the model for agg!omeration_ since

cc_r_-oxidizer propellants lead to small values of the ratio of agglom-

eratic-n t_me to burning time. Hence, particle growth occurred on the

propellant s_rface and impeded the aluminum from big'ruing freely in the

A significant decrease in intensity between the al_r_.inized and non-

al_ninized propellants was observed. This variation was attributed to

the addi+ional energy that resulted from the combustion of the alT_nin_l.

Lewis Research Center

}[at_cnal Aeronautics and Space Administration

Cleveland, Ohio, June 29_ 1962
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APPENDIX - SYP[SOLS

an&6stro_ Rni% s

C

dJffusio:" aroa_ _rrP

concer_%ration of oxidizer vspors at oxidizer crys%al_

c,once__trs.%io_'_ of oxidizer v-apors s.t additive re6iol_ _

c one e'__t r at ion

diff'usion coefi'icien_ of o.xidi_,.er vs,pors thrc\JSh fuel vapors

ci_lS/s ec

diame%er or s_ddi-tivc, particle_ mm

dJ_neter of oxidi_'er crys-'3%l, !@_

mass-flow rate per uni% s.rea of oxid.izer vapors, 6/(sec)(_-_.2)

proport iona!i%_ _ constant

lrl_s S _

mass of additive, g

b_m_ni_6 or regression rate of' propellant, _m_/sec

ntuuber of additive particles p_-r u_lit vol_me_ i_m_-S

£_s,uber of oxidizer particles per unit volmne, _@_-5

/ \/ \r_act.io__ _ate of s.dditive, _/ksec)Unm2)

radius of additive particle_ mm

radi'_s of particle und.ergoing trar_sverso motiom, _m_
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x

_R

p_r%'_cA_, _-s.cilus_ nml

<'_trf_'%ct s£'oa of _dditive_ iron 8

;.ra_sv<rs< velocity_ _:_/sec

.JJrect-ion normal %o propell%n% su£'f'sce_ n_u

<Knad_ -,

consJ.r!L!8_ 2,1 __ofCo

i_tcrps.±'tiu!_e oxidizer spaci:lg_ _rm_

dotisJ_ty c!" s.dditive p_rticle_

a<:61omero_tio_! time, sec

I £m< rcquirc_ %c bttrn a.ddi%ive, see

_.'<sidence time_ -title ps.rticle is exposed-to skrface_ see

r±'e.ctioRal volume occupied by oxidizer or oxidizer loading fac%or
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(s) Schematic diagram of :;ot_cal system.
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positioning of image for streamwise emsv, r_Dutzon and lateral distri-

but ion.
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(a) Predominantly fine oxidizer propellant.

(b) Predominantly coarse oxidizer propellant.

Figure 7. Photomicrographs of com t<_stion products.

0-59877

X1S.



_8

I

......... ,

: i
-- I

Q

4s

"r {
_8

('}
Is]

L;

,8
0

I
:2

0

HD
03

_5
r)

i

rl}

@

._|



29

O
aO

O
CO

I

0

0

Uil iJ)

"rt

r_

4 4
+_

÷_

0
0

P_

_D
-_

O
O
I

O
O



50

:!

!: _!!

[' ;V,

,T, ,1,
5, .4,

,'? _j

rq :i
,4 ,!

f;, r?

1 ,]

-_ *r :

!ii i:?
i i

..," ,.2"

i

I

. 7 ;i,

o : ¢_1

_J 1, : •.,

::

i v

o

i

;" !j

_-_,_, _9_ E-1741



A motion-picture film supplement C-219 is available on loan. Re-
quests will be filled in the order received. You will be notified of the
approximate date scheduled.

The film (16 mm, 15 min, B&W,sound) shows actual experiments in
which incandescent aluminumparticles agglomerated on the burning sur-
face of propellants composedof polybutadiene acrylic acid and ammonium
perchlorate. The film illustrates the effect of oxidizer particle size
on the agglomeration phenomenon.

The film may be borrowed on application to the

Chief, Technical Information Division
National Aeronautics and SpaceAdministration
Lewis Research Center
21000 Brookpark Rd.
Cleveland 35, Ohio

CUT

Date

Please send on loan, copy of film supplement C-219 to
TN D-1438

Name of organization

Street number

City and State

Attention: Mr.

Title



Place
st amp
here

Chief, Technical Information Division
National Aeronautics and SpaceAdministration
Lewis Research Center
21000Brookpark Rd.
Cleveland 35, Ohio










